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traits	within	 species	 diverge	 in	 their	 responses	 to	 an	 environmental	 gradient,	 then	
interspecific	trait	correlations	could	be	weakened	when	measured	in	natural	ecosys-
tems.	To	test	this	prediction,	we	measured	relative	growth	rates	(RGR)	and	seven	func-











ents	 can	mask	 interspecific	 trait	 correlations	 in	 natural	 environments.	 Correlations	
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1  | INTRODUCTION
Identifying	general	principles	and	trade-	offs	 that	underlie	 the	diversity	
of	 organism	 form	 and	 function	 is	 a	 central	 goal	 of	 functional	 ecology	
because	 trade-	offs	 constrain	 demographic	 rates	 and	 their	 linkages	 to	
ecosystem	processes	(Díaz	et	al.,	2016;	Shipley	et	al.,	2016).	An	import-
ant	 step	 toward	 this	goal,	 in	 relation	 to	plants,	was	 the	 recognition	of	
close	 coordination	 among	 a	 suite	 of	 leaf	 functional	 traits:	All	 vascular	


















On	 the	 one	 hand,	 correlations	 across	 leaf,	 stem,	 and	 fine	 root	
traits	of	both	herbaceous	and	woody	plants	have	been	shown	in	sev-
eral	 different	 vegetation	 types	 (Freschet	 et	al.,	 2010;	 Pérez-	Ramos	
et	al.,	 2012;	Reich	et	al.,	 2008;	 de	 la	Riva	 et	al.,	 2016).	Many	 studies	
have	also	demonstrated	correlations	between	economic	traits	of	leaves	
and	stems	(Brodribb	&	Feild,	2000;	Markesteijn,	Poorter,	Paz,	Sack,	&	
Bongers,	 2011)	 and	 between	 leaves	 and	 fine	 roots	 (Craine,	 Froehle,	








tionships	between	morphological	 functional	 traits	 and	RGRs	 (Hunt	&	
Cornelissen,	1997;	Reich,	Tjoelker,	Walters,	Vanderklein,	&	Buschena,	
1998;	Shipley,	2006),	correlations	observed	in	the	field	are	sometimes	
weak	 or	 nonexistent	 (Paine	 et	al.,	 2015;	 Poorter	 et	al.,	 2008;	Wright	
et	al.,	2010).	What	can	explain	these	discrepancies?




reflecting	 evolutionary	 adaptation	 to	 shade,	 but	 intraspecific	 cor-
relations	 across	 light	 gradients	 are	 negative,	 as	 ecological	 acclima-
tion	to	shade	decreases	LMA	but	increases	leaf	lifespan	(Lusk,	Reich,	
Montgomery,	 Ackerly,	 &	 Cavender-	Bares,	 2008;	 Russo	 &	 Kitajima,	
2016).	This	could	equally	apply	to	traits	from	different	organs:	If	the	
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of	different	organs	respond	in	the	same	direction	to	an	environmental	
gradient,	then	interspecific	comparisons	will	remain	strong	(Figure	1b).	
More	generally,	 if	 the	 intraspecific	response	to	environmental	gradi-
ents	aligns	with	the	interspecific	relationship,	then	the	correlation	of	






is	 generated	 by	 genetic	 differences	 among	 populations,	 plastic	 re-
sponses	to	environmental	gradients,	and	ontogenetic	changes	(Russo	
&	Kitajima,	2016).	 It	 remains	unclear	how	 intraspecific	 responses	 to	
environmental	gradients	may	affect	interspecific	trait	correlations.
A	 second	 potential	 cause	 for	 these	 discrepancies	 could	 be	 that	








Brännström,	 Dieckmann,	 &	Westoby,	 2011;	 Gibert,	 Gray,	Westoby,	
Wright,	&	Falster,	2016).
We	 tested	 the	 “whole-	plant	 economics	 spectrum”	 hypothesis	
(Freschet	 et	al.,	 2010;	 Reich,	 2014)	 on	 56	 functionally	 diverse	 tree	
species	 by	 evaluating	 the	 strength	 of	 interspecific	 trait	 correlations	
and	correlations	between	traits	and	growth	rates	in	 juvenile	trees	in	
both	 controlled	 and	 field	 environments,	 and	on	mature	 trees	 in	 the	
field.	Expression	of	plant	traits	can	vary	considerably	between	plants	
grown	 in	 standardized	 greenhouse	 conditions	 versus	 variable	 field	
conditions	(Mokany	&	Ash,	2008;	Poorter	et	al.,	2016).	We	evaluated	
three	hypotheses.	First,	we	predicted	 that	 leaf,	wood,	 and	 fine	 root	
traits	would	 be	 correlated	 and	would	 each	 be	 strong	 predictors	 of	
growth	 rate	 among	 species	 cultivated	 in	 standardized	 growing	 con-
ditions	 (Figure	1a).	 Second,	given	 that	LMA	declines	 (Givnish,	1988)	
and	wood	 density	 (WD)	 can	 increase	 (Plavcová	 &	 Hacke,	 2012)	 in	
shaded	 environments,	 we	 predicted	 that	 weaker	 trait	 correlations	
would	emerge	when	plants	were	sampled	across	lower	light	gradients	





2  | MATERIALS AND METHODS
2.1 | Growth rate data collection
We	 selected	 56	 of	 the	 most	 common	 tree	 species	 from	 the	 New	
Zealand	temperate	forest	flora	(see	Fig.	S1	in	Supporting	Information),	




Fuchsia excorticata,	 brevi-	deciduous	 Sophora microphylla,	 and	 semi-	
deciduous	Aristotelia serrata	(McGlone,	Dungan,	Hall,	&	Allen,	2004).	
Phylogenetic	 relationships	 among	 the	 tree	 species	 were	 extracted	
from	a	wider	analysis	of	 the	phylogeny	of	vascular	plant	genera	 in-
digenous	to	New	Zealand.	 In	brief,	 this	analysis	was	based	on	DNA	





















species	 as	 a	way	 to	 filter	 out	wild	 plants	 that	were	 suppressed	 or	
unhealthy.	RGR95	quantifies	the	observed	maximum	realized	growth	
rates	 for	a	given	species	 in	a	given	site	 to	account	 for	 the	 fact	 that	








in	 the	 University	 of	 Waikato	 greenhouse	 in	 Hamilton	 (37.7870°S,	
175.2793°E).	Individual	seedlings	were	grown	in	separate	8.5-	L	pots	
and	were	spaced	far	enough	apart	so	that	they	did	not	compete	for	
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a	 national	 database	 that	 contains	 publicly	 available	 vegetation	 data	
(https://nvs.landcareresearch.co.nz/).	 One	 thousand,	 four	 hundred	




used	 species-	specific	 diameter–height	 allometric	 relationships	 that	
accounted	 for	 the	 elevation	 of	 the	 site	 (Holdaway,	McNeill,	Mason,	
&	 Carswell,	 2014).	 Trees	 with	 estimated	 negative	 diameter	 growth	





We	measured	LMA,	 leaf	dry	matter	content	 (LDMC),	and	 leaf	tissue	
density	(LTD)	because	they	are	key	components	of	the	leaf	economic	
spectrum,	which	describes	variation	in	fluxes	of	water,	nutrients,	and	
carbon,	 and	 these	 traits	 reflect	 the	 trade-	off	 between	 construction	
cost	 and	 longevity	 (Craine	 et	al.,	 2001;	 Poorter,	Niinemets,	 Poorter,	
Wright,	&	Villar,	2009;	Wright	et	al.,	2004).	Species	with	high	LMA,	
high	 LTD,	 and	 high	 LDMC	 are	 associated	 with	 water-	limited,	 light-	
limited,	 and	 nutrient-	limited	 environments	 (Reich,	 2014).	 Between	
three	 and	 thirty	 photosynthetic	 organs	 (including	 leaves,	 leaflets,	
or	phyllodes,	 hereafter	 “leaves”)	were	 sampled	 from	each	plant,	 de-
pending	on	the	size	per	individual	leaf.	Sample	sizes	of	traits	differed	
across	the	three	datasets:	an	average	of	three	individuals	per	species	
(range:	 2–5)	 for	 wild-	grown	 juveniles,	 nine	 individuals	 per	 species	 
(range:	 6–10)	 for	 cultivated	 juveniles,	 and	 62	 individuals	 per	 
species	 (range:	5–203)	for	mature	trees	 (Table	S1).	Mature,	fully	ex-
panded,	 healthy	 leaves	 (excluding	petioles/petiolules)	were	 sampled	
from	canopies	of	 adult	 trees	 (using	either	 a	 shotgun	or	 a	 telescopic	
pruner)	and	from	cultivated	seedlings.	Leaves	from	wild-	grown	seed-
lings	were	collected	from	forest	understories	that	had	lower	light	avail-










sealed	 in	 plastic	 bags.	 Rehydration	 protocols	 (Pérez-	Harguindeguy	
et	al.,	2013)	were	trialed,	but	they	did	not	work	well	for	field-	grown	
tree	leaves	because	they	lost	turgor	and	moisture	content	overnight;	





















Wood	dry	mass	was	measured	 for	 juvenile	 stems	dried	 to	 constant	
mass	at	60°C	for	at	least	48	hr,	and	for	tree	cores	of	adult	stems	dried	
to	constant	mass	at	100°C	for	at	least	48	hr.	Because	of	these	differ-




We	 measured	 fine	 root	 tissue	 density	 and	 dry	 matter	 content	
(RDMC)	because	they	have	been	shown	to	be	correlated	with	fine	root	
respiration	rates	(Makita	et	al.,	2012),	soil	resource	availability	(Poorter	
&	Ryser,	2015;	Ryser,	1996),	 can	be	 coordinated	with	 aboveground	












suberized	 root	 tissue,	 avoided	 structural	 or	 transport	 roots,	 and	 fo-
cused	on	absorptive	roots,	but	we	acknowledge	that	some	transport	
roots	may	have	been	included	in	some	samples.	Total	root	length	and	



















and	 fine	 root	 traits.	LMA	ranged	from	28	to	714	g/m2,	which	spans	














netic	methods	 to	 account	 for	 the	 nonindependence	 among	 species	
due	to	their	shared	evolutionary	history	(Revell,	2009).
We	computed	an	 “index	of	phenotypic	 integration”	 that	 is	often	








to	 reject	 the	 whole-	plant	 economic	 spectrum	 hypothesis.	We	 per-
formed	eigenanalysis	on	the	7-	dimensional	correlation	matrix	of	traits	
using	phylogenetically	corrected	principal	components	analysis	(PCA)	
(Revell,	 2009,	 2012).	 Phylogenetic	 PCA	 results	 in	 the	 calculation	 of	
eigenvalues,	 eigenvectors,	 component	 loadings,	 and	 scores	 for	 each	
sample	unit,	 and	 the	key	property	of	 this	method	 is	 that	 the	princi-





2∕N),	where	N	 is	 the	 number	 of	
traits,	and	λi	is	the	eigenvalue	from	the	i-	th	dimension	(Cheverud	et	al.,	



























Second,	we	evaluated	 the	 strength	 and	direction	of	 correlations	
between	 functional	 traits	 and	 both	 RGR95	 and	 RGR.	We	 used	 two	




average	RGR95	across	all	 field	 sites,	 and	 the	average	RGR	across	all	
field	sites	for	both	wild	juveniles	and	mature	trees.	To	account	for	the	
fact	 that	growth	 rates	were	measured	on	wild	 juveniles	and	mature	
trees	 across	 a	 range	 of	 different	 sites	 that	 varied	 in	 environmental	
conditions	and	the	number	of	species	per	site,	we	conducted	meta-	






Lastly,	 to	 test	 the	 hypotheses	 illustrated	 in	 Figure	1,	we	 directly	




differences	 in	 soil	 resources	 (water,	 nutrients)	 also	 played	 some	 role	
(Freschet,	Bellingham,	 Lyver,	Bonner,	&	Wardle,	 2013).	To	determine	
whether	 trait	 rankings	 are	 conserved	 across	 greenhouse	 and	 field-	


















ard	 sampling	of	 those	 trait	 pairs	 across	multiple	 environments	 could	
weaken	 interspecific	 trait	 correlations.	 In	 other	 words,	 if	 trait	 pairs	
that	 exhibit	 divergent	 responses	 within	 species	 have	 lower	 correla-
tions	when	sampled	across	environments,	and	if	trait	pairs	that	exhibit	








The	 whole-	plant	 economic	 spectrum	 hypothesis	 predicts	 that	 leaf,	
stem,	and	fine	root	traits	that	are	related	to	resource	acquisition	and	
transport	will	be	correlated	across	all	vascular	plant	species	and	will	
span	 a	 single	 dimension	 of	 variation.	 This	 prediction	 was	 strongly	
supported	 in	 cultivated	 juveniles,	 but	 not	 in	 wild	 plants	 (Figure	2).	
Remarkably,	 variation	 in	 seven	 functional	 traits	 among	 cultivated	
juveniles	 spanned	 just	 a	 single	 dimension	 and	 yielded	 the	 highest	
index	of	interspecific	trait	correlations	among	the	three	groups	tested	
(Figure	2a).	In	contrast,	traits	of	wild-	grown	juvenile	and	mature	plants	







itively	 correlated	 across	 species	 and	 across	 phylogenetic	 contrasts	




fine	 root	 traits	 of	mature	 trees	 (Figure	3g–i),	 independent	 contrasts	
revealed	a	positive	correlation	between	LMA	and	WD,	indicating	that	
this	 correlation	 exists	 within,	 rather	 than	 among,	 clades	 in	 mature	
trees	(Figure	3g).
The	 whole-	plant	 economic	 spectrum	 hypothesis	 predicts	 that	
leaf,	 stem,	 and	 fine	 root	 traits	 will	 correlate	 with	 inherent	 varia-
tion	 in	 RGR.	This	 prediction	was	 strongly	 supported	 in	 cultivated	
juveniles,	 but	 less	 so	 in	wild	 plants	 (Figure	4).	 Both	 cross-	species	
analyses	 and	 independent	 contrasts	 showed	 that	 LMA,	WD,	 and	








supported	 using	 phylogenetic	 contrasts	 (Figure	4g,h).	 Analyses	 of	
RGR95	and	RGR	were	qualitatively	similar	(Fig.	S3	and	Figure	3,	re-
spectively);	 the	 only	 difference	 is	 that	 the	 LMA–RGR	 relationship	
was	nonsignificant	for	mature	trees	(Fig.	S3).
Leaf	mass	per	area	(Figure	5a),	WD	(Figure	5b),	and	fine	root	den-




cultivated	 juveniles	grown	 in	high	 light	 (Wilcoxon	signed-	rank	 [WSR],	
p = .01,	Figure	5a),	whereas	field-	grown	juveniles	had	higher	wood	and	
fine	 root	 tissue	 densities	 than	 cultivated	 juveniles	 (Figure	5b,c,	WSR	
test,	both	p < .0001),	indicating	that	changes	in	LMA	diverged	from	the	
changes	in	both	wood	density	and	root	tissue	density.






vs.	 fine	 root	 density	 in	 Figure	5h),	 the	 simulated	 correlations	were	
more	often	much	 lower	 than	 the	empirically	observed	 correlations	














related	 traits	 across	 vegetative	 organs	 but	 that	 the	 whole-	plant	



































































Phenotypic integration index = 2.57
Dimensions = 1






























































0 Phenotypic integration index = 1.37
Dimensions = 2
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economic	spectrum	can	be	decoupled	in	natural	ecosystems.	We	in-
terpret	these	results	to	 indicate	that	natural	selection	has	not	acted	













Intraspecific	 trait	 variation	 is	 generated	 by	 genetic	 differences	
among	 populations,	 plastic	 responses	 to	 environmental	 gradients,	










































r = .54, p < .0001




























r = .47, p = .0005
PIC r = .42, p = .002





























r = .55, p = .0001
PIC r = .28, p = .049
























r = .55, p = .0001
PIC r = .57, p < .0001
























r = .20, p = .21
PIC r = .04, p = .81
























r = .24, p = .13
PIC r = .05, p = .76
























r = .18, p = .20
PIC r = .44, p = .001
























r = .11, p = .47
PIC r = .01, p = .97
























r = .11, p = .25
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of	the	interspecific	whole-	plant	economic	spectrum	in	our	study.	The	
differences	 in	LMA	between	glasshouse-	and	forest-	grown	 juveniles	




































r = −.64, p < .0001; PIC r = −.43, p = .003





Cultivated juvenile wood density
r = −.59, p < .0001; PIC r = −.38, p = .008





Cultivated juvenile fine root density
r = −.68, p < .0001; PIC r = −.57, p < .0001



















r = −.01, p = .96; PIC r = .08, p = .67
site meta−analysis r = −.19, p = .28







Wild juvenile wood density
r = −.23, p = .23; PIC r = .06, p = .76
site meta−analysis r = −.21, p = .23







Wild juvenile fine root density
r = −.14, p = .47; PIC r = −.12, p = .51
site meta−analysis r = −.13, p = .51





















r = −.29, p = .04; PIC r = −.10, p = .49
site meta−analysis r = −.08, p = .13







Wild mature tree wood density
r = −.31, p = .03; PIC r = −.13, p = .38
site meta−analysis r = −.08, p = .17







Wild mature tree fine root density
r = −.21, p = .15; PIC r = −.18, p = .24
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using	 a	 genetic	 explanation,	 then	 the	 seedlings	 in	 the	 field	 experi-
ments	would	have	had	to	have	been	consistently	biased	toward	“low-	





































r = .86, p < .0001
Decrease in the field,
WSR test, p = .01











(b) Wood tissue density (WD)













r = .73, p < .0001
Increase in the field,
WSR test, p < .0001









(c) Fine root tissue density (RTD)















r = .49, p = .0020
Increase in the field,
WSR test, p < .0001




















(e) LMA and fine root density
Fine root tissue density
LM
A











(f) Wood and fine root density









(g) Simulation for LMA vs WD


















(h) Simulation for LMA vs RTD

















00 Cultivated juveniles R−square< 95th quantile
> 95th quantile
(i) Simulation for WD vs RTD


















in	 terrestrial	 environments	 where	 heterogeneity	 of	 resources	 and	
conditions	 is	 ubiquitous?	We	propose	 that	 trait	 coordination	 across	
species	is	strongest	within	the	same	environment,	but	that	these	rela-
tionships	may	differ	across	environments.	For	example,	shade	reduces	
LMA	but	 increases	 leaf	 lifespan	within	 species,	 despite	 the	 positive	
correlation	 in	 these	 traits	 across	 species	 (Lusk	 et	al.,	 2008;	 Poorter	
et	al.,	2009;	Russo	&	Kitajima,	2016).	Similarly,	we	observed	divergent	
responses	among	organs	 to	differences	 in	environmental	 conditions	
between	greenhouse	and	forest	understories,	which	is	(among	other	
things)	a	gradient	in	light	availability.	Our	results	provide	evidence	that	
divergent	 responses	 of	 organs	 within	 species	 across	 environments	




grown	 juveniles	exhibited	 lower	LMA	and	higher	WD,	 in	agreement	
with	other	studies	(Plavcová	&	Hacke,	2012;	Russo	&	Kitajima,	2016).
The	 divergent	 responses	 between	 LMA	 and	WD	 and	 between	





between	 convergent	 traits	were	 strengthened	 (Figure	5i).	 These	 re-




LMA,	but	heighten	differences	 in	WD,	as	 shade-	tolerant	 species	on	






















(Falster	 et	al.,	 2011;	 Gibert	 et	al.,	 2016).	 Surprisingly,	 our	 data	 do	
not	 strongly	 support	 the	predictions	and	observations	 that	WD	will	







clarify	 the	 potential	 role	 of	 ontogenetic	 effects	 by	 comparing	 culti-






Our	 results	 help	 to	 reconcile	 discrepancies	 among	 studies	 that	
have	 evaluated	 correlations	 of	 traits	 between	 organs.	 Studies	 that	
have	 reported	 strong	 trait	 coordination	 tend	 to	 have	 measured	
traits	on	either	tree	seedlings	cultivated	in	greenhouses	(Reich	et	al.,	
1998)	or	on	young	tissues	(twigs	<	3	mm	diameter)	where	secondary	
thickening	 of	 xylem	 has	 not	 fully	 developed	 (Freschet	 et	al.,	 2010,	




and	growth	 rates	 tend	 to	have	been	conducted	under	 standardized	
conditions	(Hunt	&	Cornelissen,	1997;	Reich	et	al.,	1998),	but	studies	
that	span	broad	environmental	conditions	have	reported	weak	rela-
tionships	 between	 traits	 and	 growth	 rates	 (Paine	 et	al.,	 2015).	This	
dichotomy	matches	our	findings	of	much	clearer	expression	of	whole-	
plant	 integration	 in	controlled	environments.	 It	also	suggests	 that	 if	
traits	are	extracted	from	databases	collected	from	disparate	sources	
or	 traits	 and	 growth	 rates	 are	 compared	 across	 a	 range	 of	 unmea-
sured	environmental	conditions,	then	one	cannot	rigorously	evaluate	
the	existence	of	interspecific	whole-	plant	integration	because	of	the	
confounding	 effects	 of	 intraspecific	 trait	 variation	 (Cordlandwehr	




understanding	 genetically	 based	 functional	 differences	 among	 spe-
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